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ABSTRACT 

A study was conducted to test existing production models for predicting 
yield response to water. The study utilized winter wheat yield data from 
Archer, Gillette, and Sheridan, Wyoming for the period 1950 through 1983. The 
FA0 evapotranspiration and yield-water use models were utilized to estimate 
yields which were compared with actual yields at the three sites. Average 
estimated yields ranged from 5 percent lower to 13 percent and 22 percent 
higher than actual yields at Archer, Gillette, and Sheridan, respectively. 
Statistical analyses indicated that there were no significant differences 
between the actual and estimated yields at any of the three locations. 
Additional studies are being conducted to better define the soil water versus 
yield relationships. 
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Chapter 1 

INTRODUCTION 

Assessment of the economic effects of proposed water projects as well as 
the on-farm management of Wyoming's water resources is dependent, in part, 
upon the ability to define the relative consequences on crop yields of various 
management alternatives. Irrigation scheduling, deficit irrigation, and 
improvement of water use efficiencies are examples of management practices 
which affect production costs and water consumption. 

Most measurements of crop response to water use, have been for conditions 
where soil moisture was not limited. That is, crop response to maximum water 
use has been measured extensively, whereas few measurements are available for 
crop response under conditions of limited soil moisture. In addition, most 
measurements of water use rates have been under conditions of unlimited soil 
moisture. Methods for predicting water use rates have not been calibrated 
extensively for limited soil moisture conditions. A number of critical water 
use questions involve limited soil moisture conditions. Among these are con- 
veyence losses, return flows, and deficit irrigation. 

The applicability of various crop response models to specific locations 
remains largely undefined. The transferability of crop response models between 
sites has met with varied success, even within the same study region. A major 
difficulty in assessing model applicability has been the general lack of suit- 
able data, especially long-term yield data. This project investigated the 
applicability of crop response models through use of existing University of 
Wyoming Plant Science winter wheat yield data from 1951 through 1984. 

Ob j e c t ive s 

The overall objective of this study was to investigate the applicability 
of crop yield-water use models to crops grown in high altitude locations. 
Specific objectives were: 

1, 

2 .  

3 .  

To gather historical crop yield and climatic data for use in crop 
yield-water use models for the State of Wyoming. 

To test existing production models for applicability in predicting 
yield response to water and the need for definition of growth stages 
and soil and climatic parameters. 

To outline the feasibility and/or need of additional studies to define 
the yield-water use relationships of various crops. 
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The s t u d y  was developed t o  u s e  e x i s t i n g  y i e l d  and c l i m a t i c  d a t a  w i t h  no 
f i e l d  s t u d i e s  r e q u i r e d .  The only f i e l d  d a t a  which were r e q u i r e d  was informa- 
t i o n  on s o i l  m o i s t u r e  h o l d i n g  c a p a c i t i e s  a t  t h e  sites f o r  which y i e l d  d a t a  
were a v a i l a b l e .  Winter wheat y i e l d  t r i a l s  have been conducted annual ly  a t  
several l o c a t i o n s  i n  e a s t e r n  Wyoming. The work h a s  been conducted by t h e  
U n i v e r s i t y  of Wyoming, w i t h  t h e  Wyoming Wheat Commission a c t i n g  as  an advisory  
group and provid ing  f i n a n c i a l  suppor t .  The r e s u l t s  of t h e s e  w i n t e r  wheat 
t r i a l s  were used as t h e  main source  of y i e l d  d a t a  f o r  t h i s  s tudy.  

Rela ted  S t u d i e s  

Cons iderable  r e s e a r c h  h a s  been conducted t o  d e f i n e  t h e  response of v a r i o u s  
c rops  t o  s o i l  mois ture  c o n d i t i o n s .  A s  e a r l y  as  1892, Buffum gave sugges t ions  
concerning i r r i g a t i o n  b e f o r e  heading t o  improve t h e  a b i l i t y  f o r  w i n t e r  wheat 
i n  Wyoming t o  r e a c h  m a t u r i t y .  More r e c e n t l y ,  however, a t t e n t i o n  h a s  been 
g iven  t o  developing crop  y i e l d  models. I n  o r d e r  t o  q u a n t i f y  t h e  e f f e c t  of 
water stress, many of t h e s e  models have at tempted t o  d e f i n e  t h e  r e l a t i o n s h i p  
between y i e l d  and crop water u s e  w i t h  decreased y i e l d s  r e s u l t i n g  from less 
than  maximum water use.  Most s t u d i e s  i n d i c a t e  t h a t  y i e l d  i s  g e n e r a l l y  
l i n e a r l y  r e l a t e d  t o  e v a p o t r a n s p i r a t i o n ,  b u t  t h e  r e l a t i o n s h i p  may d i f f e r  
s i g n i f i c a n t l y  between s i t e s  due t o  f a c t o r s  such a s  d i f f e r e n t  p l a n t i n g  
d a t e s  o r  growing seasons.  Thus, l o c a l  c a l i b r a t i o n s  may be  requi red .  

I n  Wyoming, w i n t e r  wheat y i e l d  t r i a l s  have been conducted annual ly  a t  
s e v e r a l  l o c a t i o n s  (e .g . ,  Kolp, 1981). These s t u d i e s  provide  a source  of y i e l d  
d a t a  which may b e  used t o  t e s t  t h e  c rop  response models. Since t h e  models 
r e q u i r e  measurements and/or  estimates of a c t u a l  and maximum crop water u s e ,  
t h e  a b i l i t y  t o  e s t i m a t e  e v a p o t r a n s p i r a t i o n  i s  impera t ive  f o r  t e s t s  of t h e  
a p p l i c a b i l i t y  of t h e  c rop  response models. Considerable  r e s e a r c h  h a s  been 
conducted i n  r e c e n t  y e a r s  t o  improve e v a p o t r a n s p i r a t i o n  estimates i n  Wyoming 
(e .g . ,  Pochop and Burman, 1987) .  Prev ious  r e s e a r c h  concerning crop y i e l d s  i n  
Wyoming i n c l u d e s  a n  a n a l y s i s  of t h e  e f f e c t s  o f  p r e c i p i t a t i o n  on county-wide 
y i e l d s  (Pochop, e t  a l . ,  1973) .  Yie ld  d a t a  i n  t h a t  i n s t a n c e  were county-wide 
averages  and, t h u s ,  were n o t  as s i t e  s p e c i f i c  as  are t h e  y i e l d s  from t h e  
v a r i e t y  t r ia l s  d i s c u s s e d  above. 
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Chapter  2 

METHODS 

Most c u r r e n t  c rop  y i e ld -wa te r  u s e  models are based on t h e  evapo t ransp i r a -  
t i o n  r a t i o ,  i . e .  t h e  r a t i o  of t h e  a c t u a l  e v a p o t r a n s p i r a t i o n  t o  t h e  maximum 
e v a p o t r a n s p i r a t i o n .  One of t h e  most r e c e n t l y  developed models and one which 
i s  claimed t o  have wide a p p l i c a b i l i t y  i s  t h e  c rop  y i e ld -wa te r  u s e  model by 
Doorenbos and Kassam (1979)  g e n e r a l l y  r e f e r r e d  t o  a s  t h e  FA0 yield-water  u s e  
model. 

The FA0 y ie ld -wa te r  u s e  model was s e l e c t e d  f o r  t e s t i n g  h e r e i n ,  p a r t l y  
because of r e c e n t  e x p e r i e n c e  w i t h  FA0 e v a p o t r a n s p i r a t i o n  models i n  Wyoming 
and p a r t l y  because  t h e  model r e q u i r e s  d a t a  t h a t  were e i t h e r  a v a i l a b l e  o r  could 
be a c q u i r e d  r e l a t i v e l y  e a s i l y .  Maximum and a c t u a l  e v a p o t r a n s p i r a t i o n  were 
e s t i m a t e d  u s i n g  t h e  FA0 modif ied v e r s i o n  of t h e  Blaney-Criddle model. The 
model g i v e s  a c t u a l  e v a p o t r a n s p i r a t i o n  as  a pe rcen tage  of t h e  maximum evapo- 
t r a n s p i r a t i o n  based on t h e  l e v e l  of a v a i l a b l e  s o i l  water and t h e  d e p l e t i o n  
l e v e l .  

Data r z q u i r e d  as l n p u t  i n t o  t h e  y i e ld -wa te r  use and e v a p o t r a n s p i r a t i o n  
models i n c l u d e d  c rop  y i e l d s ,  c l i m a t o l o g i c a l  d a t a ,  and s o i l  water h o l d i n g  
c a p a c i t i e s .  ::$ , A ~ L j  -. ~ ~ : . ; t o ; ~ g ; c d ~  d a t a  w2re ob ta ined  from h i s t o r i c a l  
r e c o r d s  a t  t h e  Archer ,  G i l l e t t e ,  and She r idan  Research Cen te r s  w h i l e  s o i l  
water h o l d i n g  c a p a c i t i e s  were determined from f i e l d  sampling and l a b o r a t o r y  
a n a l y s e s  f o r  each s i t e .  

1 , *  

CroD Yield-Water Use Model 

The FA0 y ie ld -wa te r  u s e  model re la tes  r e l a t i v e  y i e l d  d e c r e a s e  t o  r e l a t i v e  
e v a p o t r a n s p i r a t i o n  d e f i c i t  through u s e  of an e m p i r i c a l l y  d e r i v e d  y i e l d  
res.ponse f a c t o r .  The e q u a t i o n  i s  g iven  as  

(1 - Ya / Ym) = ky (1 - ETa / ETm) 

where: 
Ya = a c t u a l  y i e l d  
Ym = maximum y i e l d  
ETa = a c t u a l  e v a p o t r a n s p i r a t i o n  f o r  a p e r i o d  
ETm = maximum e v a p o t r a n s p i r a t i o n  f o r  a p e r i o d  
ky = y i e l d  r e sponse  f a c t o r  f o r  t h e  pe r iod .  

Values f o r  ky a r e  g iven  by Doorenbos and Kassam (1979) 
p e r i o d s  and f o r  t h e  e n t i r e  growing season f o r  a number 
I n d i v i d u a l  growth p e r i o d s  f o r  which ky v a l u e s  are 

f o r  s p e c i f i c  growth 
of d i f f e r e n t  c rops .  
g iven  i n c l u d e  the  

v e g e t a t i v e ,  f l o w e r i n g ,  y i e l d  fo rma t ion ,  and r i p e n i n g  p e r i o d s .  The v a l u e s  of 
ky f o r  i n d i v i d u a l  growth p e r i o d s  were developed by induc ing  stress on t h e  c rop  
i n  on ly  t h a t  one p e r i o d .  Thus, t h e  combined e f f e c t  of water stress i n  more 
t h a n  one p e r i o d  i s  l a r g e l y  undefined.  The on ly  combination of p e r i o d s  f o r  
which a v a l u e  of ky i s  g iven  f o r  w i n t e r  wheat i s  f o r  stress i n  t h e  v e g e t a t i v e  
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and flowering periods. Thus, for stress in other combinations of periods, the 
seasonal ky value must be used with the seasonal evapotranspiration ratio (ETa 
/ETm) . 

The FA0 yield-water use model is based on the assumption that soil water 
is the only factor limiting yield f o r  a particular climatic location. A s  
stated by Doorenbos and Kassam (1979), "the relationships presented refer to 
high producing varieties, well-adapted to the growing environment, growing in 
large fields where optimum agronomic and irrigation practices, including 
adequate input supply, except for water, are provided." Since the Cheyenne 
variety of winter wheat has been among the higher producing varieties over 
the years it would appear that this variety is well adapted to the growing 
environment of eastern Wyoming. The large field assumption was probably not 
entirely met, since the variety trial plot sizes were four rows wide with row 
spacings of 0.254 or 0.305 meters and 5.03 meters long. However, the plots 
v r e  grown within large fields. The tillage and fertilization practices were 
not completely recorded and, thus, could not be defined exactly. However good 
tillage practices were usually followed on the variety trial plots. Years in 
which other yield reducing factors such as pests and diseases were present 
could not always be defined either. 

EvaDotransDiration 

The FA0 evapotranspiration model (Doorenbos and Pruitt, 1977) estimates 
maximum and actual evapotranspiration for a particular crop by first 
estimating a reference evapotranspiration. Reference evapotranspiration is 
defined as "the rate of evapotranspiration from an extensive surface of 8 to 
15 cm tall, green grass cover of uniform height, actively growing, completely 
shading the ground and not short of water". Crop coefficients are used t o  
convert reference evapotranspiration, ETr, to maximum evapotranspiration, 
ETm. The equation for reference evapotranspiration is 

ETr = c [ P  (0 .46T + 8 ) ]  

where: 
ETr = reference crop evapotranspiration in mm/day 
T = mean daily temperature in degrees Celsius 
P = the daily percentage of total annual daytime hours 
c = an adjustment factor which depends on minimum relative 

humidity, percent sunshine, and daytime wind estimates. 

Values for c were originally obtained from a set of figures given by 
Doorenbos and Pruitt (1977). Frevert et al. (1983) recognized the need for a 
regression equation as a substitute for the figures if computer analysis was 
to be used. In either case, exact values of the climatic parameters used to 
define the c value are not required. The modified equation for ETr is 

ETr = A + B [P (0.46T + 81 
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where: 
A =  
B =  
XI = 
x2 = 

x3 = 
x4 = 
x5 = 
A0 = 
A1 = 
A2 = 
A3 = 
A4 = 
A5 = 

Crop 

0.043X1 - X2 - 1.41 
A0 + AlXl + A2X2 + A3X3 + A4X4 
minimum relative humidity as a percent 
percent sunshine expressed as the ratio of sunshine hours to day 
length 
daytime wind speed in meters per second 
x1x2 
X1X3 
0.81917 

1 . 0705 
0 . 065649 
-0.0040922 

-0,0059684 
-0.0005967 

coefficients used to convert ETr t o  ETm are given by Doorenbos and 
Kassam (1979). Coefficients are given for initial, crop development, mid- 
season, late season, and harvest crop development stages as well as for the 
entire growing period. The stage lengths and crop coefficient values assumed 
for this study are given in Table 1. 

Actual evapotranspiration is related to maximum evapotranspiration by 

ETa = ETm (St D)/((l - p)Sa D) 

where: 
p = allowable soil water depletion fraction 
D = rooting depth in meters 
Sa = maximum available soil water in millimeters per meter 
St = available soil water at time t in millimeters per meter 

The allowable soil water depletion fraction is dependent upon the value of 
ETm. Values for p for winter wheat as given by Doorenbos and Kassam (1979) 
are given in Table 2. Maximum rooting depth of winter wheat was assumed to be 
1.0 meter. Given the maximum rooting depth, the current rooting depth was 
calculated using the model given by Borg and Grimes (1985) as 

5 



TABLE 2 .  ALLOWABLE SOIL WATER DEPLETION FRACTION FOR WHEAT* 

- ______ __- - - - - - - - 

* From Doorenbos and Kassam (1979) 

RRD = 0.5 + 0.5 SIN(3.03TR - 1.47) 

where: 
RRD = r e l a t i v e  roo t ing  depth given a s  t h e  r a t i o  of c u r r e n t  roo t ing  

TR 
depth d iv ided  by t h e  maximum roo t ing  depth 

t h e  t o t a l  days t o  matur i ty  
= r e l a t i v e  t i m e  given a s  t h e  cu r ren t  day a f t e r  p l a n t i n g  d iv ided  by 

S o i l  samples were taken i n  Ju ly  of 1986 t o  determine s o i l  water  holding 
c a p a c i t i e s  and maximum a v a i l a b l e  s o i l  water va lues .  Samples were taken a t  
depths  of 0.15, 0.46 ,  and 0.76 meters i n  summer f a l low a r e a s  near  many of . 
t h e  v a r i e t y  t r i a l  p l o t s .  S ix ,  t h r e e ,  and f i v e  samples were taken a t  Archer,  
Gi l le t te ,  and Sheridan,  r e s p e c t i v e l y  (Tables A l - A 3 ) .  The samples a t  each s i t e  
were averaged wi th  r e s u l t s  summarized i n  Table 3. A t  Archer,  a hard sandy 
l a y e r  was encountered a t  a depth of 0.60 t o  0.70 meters which made sampling 
very  d i f f i c u l t  and which probably r e s t r i c t e d  roo t  growth. The f i v e  sets of 
samples taken a t  Sheridan could be descr ibed  a s  be ing  two sets from a draw 
and t h r e e  se t s  from an upland f i e l d  wi th  t h e  samples from these  two l o c a t i o n s  
be ing  q u i t e  d i f f e r e n t .  The Gi l l e t t e  s u b s t a t i o n  was abandoned a f t e r  1978. 

Avai lab le  s o i l  water S t  a t  time t i s  determined by assuming t h a t  t h e  
c u r r e n t  va lue  of a v a i l a b l e  s o i l  water i s  known. Then t h e  a c t u a l  evapotrans- 
p i r a t i o n  can be determined. The new va lue  of  S t  i s  t h e  cu r ren t  va lue  p lus  any 
c o n t r i b u t i o n s  t o  s o i l  water from p r e c i p i t a t i o n  minus a c t u a l  evapotranspira-  
t i o n  between t h e  c u r r e n t  t i m e  and t h e  t i m e  t h a t  t h e  new va lue  i s  des i r ed .  The 
i n i t i a l  c u r r e n t  va lue  of a v a i l a b l e  s o i l  water i s  usua l ly  determined a t  the  
beginning of t h e  s p r i n g  growing season f o r  w in te r  wheat. 

Two approaches could be used t o  de f ine  the  i n i t i a l  S t  value.  The f i r s t ,  
which was used f o r  t h i s  s tudy ,  i s  t o  assume t h a t  t h e  s o i l  p r o f i l e  i s  f u l l  a t  
t h e  beginning of t h e  s p r i n g  growing season. I n  t h i s  approach, t h e  s o i l  p r o f i l e  
depth considered w a s  1.0 meter a t  G i l l e t t e  and Sheridan and 0.67 meter a t  
Archer. The second approach i s  t o  p r e d i c t  t he  i n i t i a l  s o i l  moisture  based on 
a v a i l a b l e  s o i l  mois ture  and c l i m a t i c  da t a .  This  approach would be more real- 
i s t i c ,  b u t  da t a  requi red  t o  develop t h e  p r e d i c t i o n  equat ions  a r e  very l imi t ed .  
A s  a f irst  approximation, t h e  assumption of  s o i l  mois ture  a t  f i e l d  capac i ty  a t  
t h e  beginning of t h e  s p r i n g  growing season was considered adequate.  
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Yield  Data 

Crop yield d a t a  were obta ined  from Univers i ty  of Wyoming P lan t  Science 
v a r i e t y  t r i a l s  (e.g. P f e i f e r  and Kolp, 1958; Dalrymple and Kolp, 1984; Kolp, 
1967 and Kolp 1986). These s t u d i e s  have been conducted from 1951 t o  t h e  
present .  The s t u d i e s  were loca ted  a t  va r ious  coopera t ive  farms i n  e a s t e r n  
Wyoming as  w e l l  as s t a t e  operated s t a t i o n s  a t  Archer, Gi l le t te ,  and Sheridan. 
Yield d a t a  from t h e  t h r e e  s t a t e  Research and Extension Centers  were used 
he re in ,  a l though t h e  v a r i e t y  t r i a l s  a t  G i l l e t t e  were d iscont inued  a f t e r  1979. 
A l l  d a t a  used was f o r  t h e  Cheyenne v a r i e t y  s i n c e  t h i s  v a r i e t y  was used as a 
benchmark i n  t h e  t r i a l s  and had more yea r s  of da t a  than any o the r  v a r i e t y .  A l l  
t r i a l s  were on summer f a l low ground. 

GILLETTE 0.15 1.74 10.6 3.8 
0.46 1.63 21.1 13.0 
0.76 1.61 17.0 9.9 

117 
132 
112 

SHERIDAN 0.15 1.59 23.0 12.6 162 
0.46 1.57 24.1 14.2 153 
0.76 1.61 21.7 12.3 152 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Annual r e p o r t s  f o r  t h e  v a r i e t y  t r i a l s  were not  a v a i l a b l e  f o r  a l l  combina- 
t i o n s  of yea r  and l o c a t i o n .  Thus, y i e l d  data were not  a v a i l a b l e  f o r  a l l  yea r s  
(Table 4 ) .  I n  a d d i t i o n ,  f a c t o r s  such a s  d i s e a s e ,  i n s e c t s ,  h a i l ,  and f r o s t  
which cause y i e l d  r educ t ions  were not  always repor ted .  This  caused some d i f -  
f i c u l t y  wi th  t h e  yield-water  use  model which assumes t h a t  s o i l  water i s  t h e  
only l i m i t i n g  f a c t o r  on y i e l d s .  

The p o s s i b i l i t y  of a t i m e  t rend  i n  t h e  y i e l d  d a t a  was inves t iga t ed .  Linear  
r eg res s ions  of y i e l d  ve r sus  year  i nd ica t ed  t h a t  f o r  Archer and Sheridan t h e  
t i m e  e f f e c t  was n e g l i g i b l e .  For Gi l le t te ,  however, y i e l d  d id  appear t o  
inc rease  s l i g h t l y  over t h e  years .  

Cl imato logica l  and S o i l  Moisture  Data 

The c l ima to log ica l  d a t a  was f r o m  t h e  Nat iona l  Weather Serv ice  Cooperative 
Network as suppl ied  by t h e  Wyoming Water Research Center  (1983). Long term 
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climatic data at Archer, Gillette, and Sheridan were limited to daily maximum 
and minimum temperature and precipitation. Wind, humidity, and radiation data 
required f o r  the evapotranspiration models were taken from a climatic atlas 
(USDC, 1968). 

Soil moisture measurements were available from Archer for the years 1963 
through 1968. Measurements from stubble mulch plots were used herein to 
represent field conditions for the fallow period between winter wheat crops. 
Soil moisture was measured with a neutron probe at depths of 0.15, 0.30, 
0.61, 0.91, 1.22, and 1.52 meters. The total soil water to 0.91 meters was 
taken as the sum of the first three depth increments. 
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TABLE 4. YIELD DATA FOR CHEYENNE WINTER WHEAT I N  EASTERN WYOMING 

1950 
195 1 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
197 1 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 

-- 
2.86 
1.65 

1.60 
2.57 
3.63 
1.10 
2.00 
-- s 

3.43H 
1.98 
1.59 
-- s 

1.57 
3.871: 
3.34H 
1.98H 

2.54 
3 . 16HP 

3.06 
1.93 
1.03 

1 . 42s 
1.55 
0.90 
2.76 
3.88 
3.55 

-- 

1.39 

-- H 

-- 
1.25 
0.61 
1.66 

1.40 

2.31 
1.68H 
1.46 
2.13 
1.99 
3.54R 
3.44 
3.05 

1.99 
4.68 
3.24 

2.69 
2.93 
3.99 
2 .12  

3.34 

2.63 
3.18 

-- 
-- 

-- SR 

-- H 

-- H 

-- H 

-- s 

3.81 
2.84 
2.93 
1.60 
1.40 
2.35 

2.80 
-- 

-- 
2.51 
2.42 
3.04 
2.73T 
4.68 
3 . 69HR 
2.87 
4.55 
4.80 
3.67T 

4.62 
4.48H 
2.07 
2.82 
1.52 
2.64 
2 82H 
2.19 
3.75 
4.39 
5.42 
4.61 
3.64 

1.62 

-- No y i e l d  d a t a  a v a i l a b l e  
H Hail  damage 
P Missing p r e c i p i t a t i o n  data 
R Rust 
S Poor f a l l  s t a n d  
T Missing temperature  da ta  
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Chapter 3 

RESULTS AND DISCUSSION 

Results using two approaches for predicting winter wheat yields are shown 
herein. The first approach attempts to predict yields from a linear regression 
of yields versus summer season ETa for each of the three locations. The second 
approach is the application of the FA0 yield-water use model to calculate 
yields. Comparisons of actual versus estimated yields are made for each 
location. All analyses have been performed assuming the soil moisture at the 
beginning of the growing season at field capacity. Since soil moisture is a 
critical factor in yield estimates, a method of estimating initial soil 
moisture is presented. 

Yields vs Actual Evapotranspiration 

An approach to yield estimates sometimes used is that of predicting yields 
directly from actual evapotranspiration ( e . g . ,  Hill, et al., 1982 and Hill, 
et al., 1983). Actual and maximum evapotranspiration for four crop development 
periods and the entire season were calculated herein using the methods 
presented in the previous chapter (Tables A4-A6). The seasonal results are 
summarized in Table 5 .  

Actual yields (Table 6) were regressed against actual evapotranspiration 
estimates for each of the three locations Archer, Gillette, and Sheridan. 
Results at Archer and Gillette were similar with coefficients of determination 
of 0.35 and 0.45, respectively, while the results at Sheridan were very poor 
with a cofficient of determination of 0.0002 (Table 7). 

The yield versus evapotranspiration results were not unexpected. In 
general, however, results here were poorer than those obtained by Hill et al. 
in the studies cited above for spring wheat and other crops. The exceptionally 
poor results for Sheridan might be partly explained by the yield data being 
taken from two sites at Sheridan, an upland site and a draw. The yield data 
from these two sites were not able to be identified by year. 

Actual vs Estimated Yields 

All analyses were completed with a value of 1.00 for the yield response 
factor ky in the FA0 yield-water use model. The value of 1.00 is given by 
Doorenbos and Kassam (1979) for the entire growing season for winter wheat. 
Yields were estimated using the FA0 yield-water use model f o r  each year for 
which actual winter wheat yield data were available at Archer, Gillette, and 
Sheridan. The analyses were completed assuming that the initial soil moisture 
at the beginning of the spring growing season was at field capacity. Analyses 
were performed separately for the three stations rather than combining the 
data. 
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Maximum y i e l d s ,  Ym, were taken  from t h e  y i e l d  d a t a  of t a b l e  4 w i t h  s l i g h t  
m o d i f i c a t i o n s  based on t h e  recommedations of Doorenbos and Kassam (1979). 
The h i g h e s t  recorded  y i e l d s  were 3.87, 4.68, and 5.42 c u b i c  meters p e r  h e c t a r e  
a t  Archer,  Gi l le t te ,  and Sher idan ,  r e s p e c t i v e l y .  The suggested range f o r  
maximum y i e l d  of w i n t e r  wheat from Doorenbos and Kassam (1979) i s  5.2 t o  7.8 
c u b i c  meters p e r  h e c t a r e .  Maximum y i e l d  v a l u e s  of 4.30 ,  5 .20 ,  and 6.00 cubic  
meters p e r  h e c t a r e  were assumed f o r  Archer ,  Gi l le t te ,  and Sheridan,  
r e s p e c t i v e l y .  Thus t h e  h i g h e s t  recorded y i e l d  v a l u e s  were, approximately 90% 
of t h e  assumed maximum y i e l d  v a l u e s .  

R e s u l t s  of t h e  a n a l y s e s  i n d i c a t e  t h a t  t h e  average of e s t i m a t e d  y i e l d s  was 
5 p e r c e n t  lower t h a n  t h e  average of a c t u a l  y i e l d s  a t  Archer whi le  t h e  averages  
of e s t i m a t e d  y i e l d s  were 22  and 13 p e r c e n t  h i g h e r  t h a n  t h e  averages  of a c t u a l  
y i e l d s  a t  G i l l e t t e  and Sher idan ,  r e s p e c t i v e l y  (Table  6 ) .  The h i g h e r  v a l u e s  
of e s t i m a t e d  y i e l d s  v e r s u s  a c t u a l  y i e l d s  a t  Gi l le t te  and Sheridan may b e  ex- 
p l a i n e d ,  i n  p a r t ,  by t h e  assumption of t h e  s o i l  mois ture  be ing  a t  f i e l d  
c a p a c i t y  a t  t h e  beginning of t h e  s p r i n g  growing season.  Such a n  assumption 
would tend  t o  g i v e  h i g h e r  than  expected e s t i m a t e d  y i e l d s  from t h e  FA0 model. 
Although t h e  r e s u l t s  f o r  Archer are n o t  c o n s i s t e n t  w i t h  t h i s  t r e n d ,  i t  appears  
t h a t  t h e  FA0 y ie ld-water  u s e  model would have performed s l i g h t l y  b e t t e r  i f  
more accurate estimates of s o i l  water a t  t h e  beginning of t h e  s p r i n g  growing 
season were p o s s i b l e .  

S t a t i s t i ca l  a n a l y s e s  of t h e  r e s u l t s  u s i n g  a t-test and a 5% confidence . 

l e v e l  i n d i c a t e s  t h a t  t h e r e  were no s i g n i f i c a n t  d i f f e r e n c e s  between t h e  a c t u a l  
v e r s u s  e s t i m a t e d  y i e l d s  a t  any of t h e  t h r e e  l o c a t i o n s  (Table  8) .  The r e s u l t s  
i n  Table  8 show t h a t  t h e  lowest  t v a l u e  was c a l c u l a t e d  f o r  Archer. Calcu la ted  
t v a l u e s  a t  Gil le t te  and Sheridan were much c l o s e r  t o  t h e  c r i t i c a l  v a l u e s  f o r  
a 5% conf idence  l e v e l .  

Although t h e  t t e s t  assumed both  e q u a l  means and s t a n d a r d  d e v i a t i o n s  f o r  
t h e  a c t u a l  and e s t i m a t e d  y i e l d s ,  comparisons (Table  8 and Figure  1) show t h a t  
t h e  v a r i a t i o n  of t h e  a c t u a l  y i e l d s  were g r e a t e r  than t h o s e  f o r  t h e  es t imated  
y i e l d s  a t  a l l  t h r e e  l o c a t i o n s .  T h i s  i m p l i e s  t h a t ,  a l though no s t a t i s t i c a l  
d i f f e r e n c e s  occurred  between t h e  a c t u a l  and e s t i m a t e d  y i e l d s ,  t h e  FA0 model 
produced y i e l d  estimates t h a t  were n o t  as v a r i a b l e  as  t h e  a c t u a l  y i e l d s .  This  
was expec ted ,  s i n c e  t h e  FA0 model assumed t h a t  s o i l  mois ture  was t h e  only 
l i m i t i n g  f a c t o r  and d i d  n o t  g i v e  y i e l d  estimates responding t o  o t h e r  f a c t o r s  
such as d i s e a s e s ,  h a i l ,  and f r o s t  which would have a f f e c t e d  a c t u a l  y i e l d s .  
Histograms of a c t u a l  v e r s u s  e s t i m a t e d  y i e l d s ,  as  g iven  i n  Fig.  1, f u r t h e r  show 
t h e  g r e a t e r  v a r i a b i l i t y  of a c t u a l  y i e l d s .  
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YEAR ETa ETm ETa ETm ETa ETm 

1950 - - - - 231 391 
1951 221 391 175 396 237 410 
1952 209 437 208 458 259 463 
1953 - - 278 406 257 417 
1954 - - - - 196 432 
1955 - - 246 431 295 425 
1956 25 1 444 
1957 262 397 248 416 300 434 
1958 192 44 1 
1959 188 425 207 425 
1960 175 461 200 447 202 465 

............................................................................. 

- - - - 
- - - - 
- - 

1961 - - 169 443 232 459 
1962 232 447 284 343 268 457 
1963 174 465 312 453 
1964 164 414 318 419 333 437 
1965 - - - - 215 425 
1966 154 450 205 442 215 449 
1967 - - 312 405 283 404 
1968 271 404 248 385 282 391 
1969 190 448 
1970 - - 260 412 301 431 

1972 - - 244 436 252 428 
1973 154 410 218 419 256 405 
1974 172 46 1 - - 208 421 
1975 199 404 287 387 314 383 
1976 168 450 - - 250 460 

1978 188 448 310 436 339 452 
1979 202 436 - - 233 420 
1980 194 437 - - 246 468 

1982 245 386 - - 250 392 
1983 296 365 - - 212 406 

AVGS 208 429 246 422 258 430 

* Evapotranspiration is in units of mm. 

- - 

- - - - 
1971 217 417 236 436 270 43 1 

1977 - - 210 476 284 457 

1981 28 1 460 - - 264 455 

----_---I-_----_------------------------------------------------------------ 

____________________--------------------------------------------------------- __-_________-____I_---------------------------------------------------------- 



TABLE 6 .  ACTUAL YIELDS VS YIELDS ESTIMATED USING FA0 MODEL 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

ARCHER GILLETTE SHERIDAN ----------------- ------------------ --.-.------I----- 

YEAR ACTUAL ESTIMATED ACTUAL ESTIMATED ACTUAL ESTIMATED 
,-_____-------_-_____-------------------------------------------------------- 

1950  -- -- -- -- 3 .81  3.53 
1951  2.86 2 .43  1 .25  2 .30  2 .84  3.47 
1952 1 .65  2.06 0 . 6 1  2.36 2 .93  3.36 
1953 -- -- 1 .66  3.56 1.60 3 .70  
1954  -- -- -- -- 1 . 4 0  2.72 
1955 -- -- 1 . 4 0  2.97 2.35 4.16 
1956 1 . 6 0  2.43 
1957 2.57 2.83 2 . 3 1  3 .10  2 .80  4.15 
1958 3.63 1.87 
1959 1.10 1 .go 1 .46  2 .54  
1960  2 .00  1 .63  2 .13  2 .32  2 .51  2.60 
1961  -- -- 1 .99  1 .98  2.42 3.03 
1962 3.43 2 .23  3 .54  4 . 3 1  3.04 3.51 
1963  1 . 9 8  1 . 6 1  3 . 4 4  3 . 5 8  
1964 1.59 1.70 3.05 3.95 4.68 4.57 
1965 -- -- -- -- 3 .69  3 .03  
1966 1.57 1.47 1 .99  2.42 2.87 2.87 
1967 -- -- 4 .68  4 .00  4.55 4 . 2 1  
1968 3 .34  2.88 3 .24  3.35 4 .80  4.32 
1969 1.98 1 .83  
1970 -- -- 2.69 3.28 1.62 4.19 
197 1 2 .54  2 .23  2 .93  2.82 4.62 3.76 
1972 -- -- 3 .99  2.92 4 .48  3.54 
1973 1 .39  1 . 6 1  2 .12  2.70 2.07 3.93 
1974  3.06 1.60 -- -- 2.82 2.96 
1975 1 . 9 3  2.12 3 .34  3.86 1 .52  4 . 9 1  
1976 1.03 1 .60  -- I- 2.64 3.27 
1977 -- -- 2 .63  2 .29  2.82 3.73 
19 7.8 1.42 1 .81  3 .18  3.70 2.19 4.49 
1979 1 .55  2.00 -- -- 3.75 3.32 
1980 0 .90  1 . 9 1  -- -- 4 .39  3.16 
1981  2 .76  2 .63  -- -- 5 .42  3.49 
1982 3.88 2.73 -- -- 4 . 6 1  . 3.83 
1983 3.55 3.49 -- -- 3 .64  3.13 

AVGS 2.22 2 .11  2.55 3.06 3 .20  3.62 

-- -- -- 
-- -- -- -- 

-- -- 

-- -- 

-- -- -- -I 

............................................................................ 

* All yields are in cubic  meters per hectare. 
The seasonal value of ky used was 1.00 
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TABLE 7. RESULTS OF YIELDS VS ACTUAL EVAPOTRANSPIRATION 

GILLETTE Ya = -1.0388 + 0.0146 ETa 0.45 

GILLETTE 2.55 1.00 3.06 0.68 1.99 2.02 

SHERIDAN 3.20 1.13 3.62 0.58 1.72 2 .oo 

* Estimated yields were caculated using the FA0 yield-water use model. 

** The critical t value is for a 5% confidence level. 

--------------------__________I_________------------------------------------ ............................................................................ 

Yields and standard deviations are in cubic meters per hectare. 
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Figure 1. Histograms of actual and estimated yields. 
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Chapter 4 

SUMMARY 

The primary purpose of this study was to test existing production models 
for predicting yield response to water. The study utilized existing yield data 
obtained from winter wheat yield trials at Archer, Gillette, and Sheridan, 
Wyoming. Climatic data and soil moisture holding capacities at the three 
sites were also used. 

Two production models were tested. Yields at each of the three sites were 
regressed against actual evapotranspiration which was estimated using the FA0 
procedures. Low coefficients of determination were obtained for these 
regressions. The second approach was to use the FA0 yield-water use model to 
p-Edict estimated yields which were then compared with actual yields. Average 
estimated yields were 5 percent lower, 13 percent higher, and 22 percent 
higher than actual yields at Archer, Sheridan, and Gillette, respectively. 
Statistical analyses using a t-test and a 5% confidence level indicated that 
there were no significant differences between the actual and estimated yields 
at any of the three locations. However, the variations of the actual yields 
were greater than the variations of  the estimated yields at all three 
locations. 

All analyses were performed assuming that the soil moisture at the 
beginning of the spring growing season was at field capacity. Improvements in 
the estimates might be possible with better estimates of the soil moisture at 
the beginning of the spring growing season. Work on this aspect will continue 
through a project funded by the High Plains Regional Climate Center located at 
Lincoln, Nebraska. Soil moisture measurements were taken during the summer of 
1987 in winter wheat fallow and stubble at two sites in eastern Wyoming. 
Since soil moisture was found t o  be a critical factor in yield-water use 
models, field data will be taken to better define specific relationships. In 
addition, field measurements of soil moisture will be used to calibrate models 
for estimating actual evapotranspiration which is an important parameter in 
most yield-water use models. 
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TABLE Al. SOIL WATER HOLDING PARAMETERS AT ARCHER ........................................................................... 
PERMANENT 

FIELD WILTING AVAILABLE 
CAPACITY POINT WATER 
MOISTURE MOISTURE BULK HOLDING 

DEPTH CONTENT CONTENT DENSITY CAPACITY 
LOCATION (2)  (%) (g/cm*3) ( m d d  

N EAST 0.15 19.8 10.7 1.52 138 
N EAST 0.46 26.8 13.9 1.49 192 
N EAST 0.76 15.8 6.6 1.60 14 7 

........................................................................... 

N MIDDLE 0.15 15.2 7.0 1.81 148 
N MIDDLE 0.46 22.8 ll,? 1.58 183 
N MIDDLE 0.76 16.0 6.8 1.66 153 

N WEST 
N WEST 
N WEST 

S EAST 
S EAST 
S EAST 

0.15 15.0 5.9 1.68 153 
0.46 22.7 16.1 1.66 110 
0.76 23.2 13.5 1.59 154 

0.15 27.2 1 1 . 7  1.18 183 
0.46 23.6 11.9 1.58 185 
0.76 11.4 4.0 1.66 113 

S MIDDLE 0.15 17.9 7.9 1.63 163 
S MIDDLE 0.46 24.4 15.3 1.58 14 4 
S MIDDLE 0.76 26.3 11.6 1.41 207 

S WEST 
S WEST 
S WEST 

0.15 23.4 1 1 . 3  1.46 1 7 7  
0.46 23.1 12.4 1.59 1 7 0  
0.76 12.7 5.3 1.68 124 
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TABLE A2. SOIL WATER HOLDING PARAMETERS AT GILLETTE ............................................................................ 
PERMANENT 

FIELD WILTING AVAILABLE 
CAPACITY POINT WATER 
MOISTURE MOISTURE BULK HOLDING 

DEPTH CONTENT CONTENT DENSITY CAPACITY 
LOCATION (m) (XI (XI ( g I cm A 3 I (mm/m> 

NORTH 0.15 11.1 4.4 1.75 
NORTH 0.46 24.7 15.3 1.53 
NORTH 0.76 15.6 10.1 1.69 

1 1 7  
14 4 

93 

MIDDLE 0.15 10.0 3.5 1.76 114 
MIDDLE 0.46 20.3 12.0 1.65 137 
MIDDLE 0.76 20.6 10.2 1.44 15 0 

SOUTH 0.15 10.7 3.6 1 . 7 1  
SOUTH 0.46 18.2 11.6 1 . 7 2  
SOUTH 0.76 14.8 9.4 1 . 7 1  

1 2 1  
114 

92 
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TABLE A3. SOIL WATER HOLDING PARAMETERS AT SHERIDAN 
---,----,--------------------------------------------------------------------- 

NORTH 0.15 26.3 12.3 1.48 207 
NORTH 0.46 29.2 17.3 1.42 169 
NORTH 0.76 25.7 15.9 1.51 148 

MIDDLE 0.15 26.1 11.6 1.49 216 
MIDDLE 0.46 26.4 13.2 1.53 20L 
MIDDLE 0.76 23.0 10.2 1.60 205 

SOUTH 0.15 28.4 19.1 1.48 138 
SOUTH 0.46 24.0 17.1 1.61 111 
SOUTH 0.76 21.9 15.4 1.66 108 

EAST 0.15 16.3 8.9 1.80 13 3 
EAST 0.46 19.3 10.3 1.64 148 
EAST 0.76 18.5 9.6 1.66 148 
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ETA 220 . 5 103.2 4 9 . 1  52.6 15.6 
1 9 5 1  ETM 391.0 106.3 87.0 133.9 63.8 

ETA/ETM . 564 . 9 7 1  . 565 . 393 . 244 

ETA 209 . 0 98.0 45.3 43.9 21.9 
1952 ETM 437 . 1 124 . 7 83.7 161.4 67.3 

ETA/ETM . 478 .785 .542 . 272 .325 

ETA 250.5 98.2 3 4 . 1  97.7 20.5 
1956 ETM 443.7 120 . 2 94.9 161.6 67 .O 

ETA/ETM . 564 .817 . 360 .604 . 305 

ETA 261.6 103.0 68.0 70.5 20.0 
1957 ETM 397.2 106.1  71.9 147 . 2 72.0 

ETA/ETM .658 .971 .946 0479 .278 

ETA 192.2 102 . 4 39.2 33.4 17.2 
1958 ETM 441.2 115 . 2 98.5 163 . 3 64.3 

ETA/ETM .436 .889 . 399 .204 . 267 

ETA 1 8 8 . 1  110 . 4 48.7 23.9 5 . 1  
1959 ETM 424 . 9 116 . 7 79.3 161.1  67.8 

ETA/ETM . 443 .946 .615 .148 .075 

ETA 174.5 96.5 39.0 29.4 9.7 
1960 ETM 461.2 143  . 0 90.7 160 . 6 66.9 

ETA/ETM .378 .674 .430 . 183 .144 

ETA 231.8 90.6 24.7 80.5 36.0 
1962 ETM 447 . 4 140 . 6 95.6 144 . 2 67.0 

ETA/ETM .518 .644 . 258 .558 .538 

ETA 173.9 93.0 17 .8  45.9 17 .2  
1963 ETM 465 . 2 136.6 95.5 158 . 9 7 4 . 1  

ETA/ETM 0 374 . 6 8 1  . 186 .289 . 232 

ETA 163.9 103 . 7 34.4 20.6 5 . 2  
1964 ETM 414 . 3 106.2 98.7 137.6  71 .8  

ETA/ETM 396 . 976 -348 .150 -073 

ETA 154.4 95.6 18.5 33.8 6.5 
1966 ETM 449.5 126.1  89.5 158 . 3 75.7 

ETA/ETM .343 . 758 . 207 -214 .086 
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ETA 270.9 113  . 4 46 .9  96.6 13 .9  
6 4 . 1  

ETA/ETM .670 . 967 . 682 . 628 . 217 
1968 ETM 404.0 117 . 3 68.8 153 . 8 

ETA 190.2 107 . 7 31.9 40.4 10.2 
1969 ETM 447 . 8 144.0 90 .8  141.5 71.5 

ETA/ETM .425 - 7 4 8  m351 . 286 . 142 

ETA 216.8 1 1 6 . 6  57.5 38.5 4.2 
1 9 7 1  ETM 417 .4  1 2 1 . 8  76.7 1 5 4  . 6 64.3 

ETA/ETM .519 .957 . 7 4 9  - 2 4 9  ,065 

ETA 153.7 96.9 32.5 1 9 . 9  4.4 
1973 ETM 4 1 0 . 1  97.7 88.9 150.1 73 .4  

ETA/ETM . 375 .992 .365 .133 .060 

ETM 172 .0  108 .8  1 9 . 3  37.6 6 . 3  
1974  ETM 460 . 6 130 .8  94.7 161 .5  73.5 

ETA/ETM . 373 .832 .203 . 233 .086 

ETA 199 .0  1 0 1 . 9  23.5 60.4 13 .2  
1975 ETM 403 . 6 108 . 4 85.0 141 .2  69.0 

ETA/ETM . 493 .940 . 277 - 4 2 8  . 1 9 1  

ETA 168.0 100 . 8 28.2 25.2 13.7 
1976 ETM 450.4 1 3 5 . 1  88.8 153.4 7 3 . 1  

ETA/ETM .373 .746 .318 .164 .187 

ETA 188.2 99.5 52 .2  32.0 4.5 
1978 ETM 447.5 137 .9  89.9 148 .9  70 .9  

ETA/ETM - 4 2 1  .722 . 5 8 1  . 2 15 .064 

10 .2  ETA 202.4 104 . 6 34 .3  53.3 
1979  ETM 436.0 130.4 83 .4  1 5 0  . 0 72.2 

ETA/ETM . 464 . 803 . 4 1 1  . 355 - 1 4 1  

ETA 194 .3  108.0 59.5 2 1 . 1  5.7 
1980 ETM 437.4 118.7 82 .5  160 . 6 75.7 

ETA/ETM .444 . 910 . 722 . 1 3 1  .075 

ETA 280.6 107 .9  68 .4  81.7 22.6 
1 9 8 1  ETM 459.6 154  . 2 77.4 155 . 5 72.5 

ETA/ETM . 6 1 1  - 6 9 9  . 884  -526  .312 
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ETA 245.0 92.0 52.0 7 1 . 1  29.9 
1982 ETM 385.6 115 . 7 78.3 130.3 61.3 

ETA/ETM -635 . 795 664 .546 .488 

ETA 296.1 88.5 70.9 108.7 28.0 
1983 ETM 365.0 88.5 70.9 138 . 0 67.6 

ETA/ETM .811 1 . 000 1 . 000 . 788 .414 

*Evapotranspiration values  are in millimeters. 
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TABLE A5. ACTUAL VS MAXIMUM EVAPOTRANSPIRATION AT GILLETTE* ............................................................................. 
YIELD 

YEAR SEASON VEGETATIVE FLOWERING FORMATION RIPENING 

ETA 175 .0  72 .6  24.7 5 4 . 1  23.5 
1 9 5 1  ETM 396.3 1 0 2 . 1  95.9 1 3 1 . 1  67.3 

ETA/ETM . 442 . 712 .258 . 413 . 349 

ETA 207 . 6 72.0 48.2 64.7 22.6 
1952  ETM 457 . 9 138  . 8 90 .9  158.6 69.6 

ETA/ETM . 453 .519 .531  . 408 .325 

ETA 278 .0  94 .2  59 .2  104.2 20.3 
1953  ETM 406 .3  102  . 2 76 .0  153 .6  74 .5  

ETA/ETM .684 .922 0779 - 6 7 9  .273 

ETA 2 4 6 . 1  87 .8  52.5 8 9 . 4  16.4 
1955  ETM 430.5 126  . 6 9 0 . 1  139 .8  74 .0  

ETA/ETM . 5 7 2  - 6 9 3  .582 . 6 4 0  . 222 

ETA 248 . 1 100.1 44.2 89.8 1 3 . 9  
1957 ETM 4 1 6 . 1  109.7 79 .6  149 .5  77.3 

ETA/ETM .596 . 912 . 555 .600 .180 

ETA 202 . 3 87 .4  25.4 62 .9  26.6 
1958  ETM 332.0 9 3 . 1  8 0 . 1  112 .4  46.3 

ETA/ETM .609 . 939 . 317 .560 . 574 

ETA 207.3 83.7 32.5 51 .3  39.8 
1959  ETM 425 . 0 114 .3  79.2 1 6 1 . 9  69.7 

ETA/ ETM . 488 .732 . 4 1 1  .317 . 5 7 1  

ETA 1 9 9 . 9  81.0 31.2 67.3 20.4 
1 9 6 0  ETM 447 .4  125.3 9 3 . 0  155 .8  73.3 

ETA/ETM . 447 - 6 4 6  - 3 3 6  .432 .279 

ETA 168 .5  91 .4  3 9 . 1  29 .0  9 . 0  
1 9 6 1  ETM 442.8 102 .2  8 9 . 1  175 .3  76.3 

ETA/ETM . 3 8 1  . 895 . 439  - 1 6 5  .117 

ETA 283 .8  75.3 49.3 107 .4  51 .9  
1962  ETM 342.7 113 .8  69.7 1 0 7 . 4  51.9 

ETA/ETM .828 . 6 6 1 '  .707 1 . 000 1 .000  

ETA 3 1 2 . 1  115 .3  50.7 128 .0  1 8 . 1  
1963  ETM 452 .8  1 2 8  . 4 90.3 1 5 8  . 0 76 .0  

ETA/ETM .689 .898 . 5 6 1  .810 .238 
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ETA 318.1 88.7 71.3 101.8 56.3 
1964 ETM 419.2 108.8 96 .1  139.4 74.9 

ETA/ETM . 759 .815 .742 .730 . 752 

ETA 205.4 101.9 27.7 43.9 31 ,9  
1966 ETM 441.6 113.7 86.3 162 , 3 79.2 

ETA/ETM .465 .896 .321 .271 .403 

ETA 311,9 87.6 58.9 119 . 7 45.7 
1967 ETM 405.0 107.8 86.0 141.5 69.8 

ETA/ETM .770 .813 .685 ,846 .655 

ETA 248.1 84.3 40.7 100.6  22.6 
1968 ETM 384.8 103.5 68.9 144 . 4 68.0 

ETA/ETM . 645 .815 .590 .696 .332 

ETA 259 , 7 83.2 76.7 86.8 13.0 

ETA/ETM . 6 3 1  .921 .854 . 553 . 175 
1970 ETM 411.5 90.3 89.7 156.9 74.5 

ETA 236.1  99.9 39.8 71.7 24.8 
1 9 7 1  ETM 435 . 7 121.9 8 4 . 4  157.3 7 2 . 1  

ETA/ETM .542 .820 -47 1 .456 . 344 

ETA 244 . 4 99.3 41 .1  76 .0  28.0 
1 9 7 2  ETM 435.3 116 , 8 92.6 158.2 67.7 

ETA/ETM .561 .850 . 444 .480 .414 

11.2 ETA 217.9 101.0 39.7 6 6 . 1  
1973 ETM 419.4 101.4 87.7 151.4 78.9 

ETA/ETM .520 .996 .452 .436 . 142 

ETA 287.0 87.8 66 .3  104.9 28.0 
1975 ETM 386.7 89.5 83.6 138.8 74.8 

ETA/ETM .742 ,981 794 .756 . 374 

ETA 209.9 87.5 44.8 57.9 19.7 
1977 ETM 475.9 133.9 100.1 168.1  73.8 

ETA/ETM . 4 4 1  .654 . 447 344 . 267 

ETA 310 . 2 97.2 89.4 103.8 19.8 
1978 ETM 435.8 126.8 89 .4  146.3 73.4 

ETA/ETM . 7 1 2  .767 1 . 000 . 710 .269 

* Evapotranspiration values are in millimeters. 
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TABLE A6. ACTUAL VS MAXIMUM EVAPOTRANSPIRATION AT SHERIDAN* ............................................................................. 
YIELD 

YEAR SEASON VEGETATIVE FLOWERING FORMATION RIPENING 

ETA 230.5 92.4 45.8 74 .8  17 .4  
1950 ETM 391.2 94.7 83 .4  140.5 72.7 

ETA/ETM .589 .976 , 550  . 533 .240 

ETA 236.9 88.1 29.8 88.7 30.3 
1 9 5 1  ETM 409.8 1 0 9 . 0  100.8 132.7 67.4 

ETA/ETM .578 -808 . 296 .669 . 449 

ETA 358.8 93 .2  59.6 69.7 36.2 
1952 ETM 462.5 136 . 9 93.3 161.9 70.4 

ETA/ETM 560  .681 .639 .431  .515 

ETA 256.9 97.3 44.9 95.2 19.5 
1953  ETM 416.5 104.8 77.2 156.7 77 .8  

ETA/ ETM .617 .928 . 582 - 6 0 8  .251 

1954 

1955 

ETA 196.0 91.7 36.2 56.0 12.2 
ETM 431.5 9 9 , 6  103.5 1 4 2 , 4  86.0 
ETA/ETM . 454 . 920 . 350 . 393 . 142 

ETA 295 . 1 99.3 55.8 100.6 39.4 
ETM 425 , 2 115 .2  93.7 146 .2  7 0 . 1  
ETA/ ETM . 694  .862 , 596 .688 562 

ETA 299.9 108 . 9 49.7 113 .4  27 .9  
1957 ETM 433 . 9 117 .0  85.7 1 5 3 . 1  7 8 . 1  

ETA/ETM . 691  . 930 0579 .741 0357 

ETA 202 .1  93.0 26.9 68.3 13.9 
1960 ETM 465.4 132.3 96.3 160 .6  76.2 

ETA/ETM . 434 - 7 0 3  .279 . 425 - 1 8 3  

ETA 231.7 94.8 64 .6  58 .9  13.5 
1 9 6 1  ETM 458.6 1 1 4 . 1  90.6 176.9 76.9 

ETA/ETM .505 . 830  . 7 13 . 333 -175  

1962 
ETA 267.6 101.7 41.8 95.0 2 9 . 1  
ETM 457.2 135.8 95 .2  154 .8  71 .4  
ETA/ ETM - 5 8 5  . 749 . 439 .614 .408 

ETA 332.6 112 . 3 6 1 . 1  102 .3  56.9 
1964 ETM 437 .4  114 .2  101 .4  1 4 5 . 4  76 .4  

ETA/ETM . 761  - 9 8 4  . 603 .704 . 744  
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ETA 214.8 91 .4  4 6 . 1  59.8 1 7 . 4  
1965 ETM 425 .0  117 .6  82.9 152.8 71.7 

ETA/ETM . 505 .778 . 555 .392 .243 

ETA 214.5 107.0 45.7 46.0 15.8 
1966 ETM 4 4 9 . 1  114.5 89 .6  164.8 80 .3  

ETA/ETM .478 . 934 .510 .279 .197 

ETA 282 . 9 97.5 43.9 108.8 32.8 
1967 F’PM 403.5 101 .6  88.6 142.6 70.7 

ETA/ETM . 7 0 1  . 959 0495 . 763  .464 

ETA 281.6 89.8 47.8 1 1 2  . 0 3 2 . 1  
1968  ETM 391.0 103 .3  74 .3  146.4 66 .9  

ETA/ETM .720 .869 .643 . 765 0479 

ETA 300.7 95 .8  87 .6  101 .4  1 6 . 0  
1970  ETM 431 .0  97 .3  95.0 163.8 74.9 

ETA/ETM . 698  .985 . 9 2 1  ,619 . 213 

ETA 269 . 8 1 1 6 . 9  54 .8  85.0 1 3 . 1  
1 9 7 1  ETM 431.0 117.8 8 5 . 3  158.3 69.6 

ETA/ETM .626 . 993 .642 0537 .189 

ETA 252.3 95.3 43.6 8 5 . 8  27.7 
1972 ETM 427.8 114 .0  8 9 . 3  158.7 65.8 

ETA/ETM - 5 9 0  . 836 .488 .540 .421 

ETA 265.2 94.2 66 .2  67.7 37.0 
1973  ETM 405.0 94.2 87 .7  148 .8  74 .2  

ETA/ETM 655 1 . 000 .755 . 455 . 499 

ETA 208 .1  107.7 36.8 53.5 10.1 
1974  ETM 421.2 119  . 1 74.2 1 5 3  . 5 74.4 

ETA/ETM 8494 .904 .496 .348 .136 

ETA 313.6 82.2 8 0 . 8  119 . 6 31.1 
1975 ETM 382.8 82.2 81 .8  142 .4  76 .5  

ETA/ETM .819 1.000 .988 . 840 .407 

ETA 250 . 3 1 1 4 . 1  3 9 . 9  71.7 24.6 
1976 E r n .  459.5 132.0 97 .0  1 5 2 . 1  78 .3  

ETA/ETM .545 .864 . 4 1 1  .472 - 3 1 4  
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ETA 
1977 ETM 

ETA/ETM 

ETA 
1978 ETM 

ETA/ETM 

ETA 
1979 ETM 

ETA/ETM 

ETA 
1980 ETM 

ETA/ETM 

ETA 
1 9 8 1  ETM 

ETA/ ETM 

ETA 
1982 ETM 

ETA/ETM 

ETA 
1983  ETM 

ETA/ETM 

284 .1  
456.5 

.622 

338 . 6 
452.2 . 749  

232.6 
419.5 

0 554 

2 4 6 . 1  
467.5 

.526 

264 . 2 
4 5 5 . 1  

, 5 8 1  

250 .4  
392.0 

.639 

212.0 
406.3 

.522 

96.0 
129.7 . 740  

110 . 9 
141.4 . 785 

100.1 
109  . 6 

,914 

9 1 . 1  
133 .0  . 685 

96.5 
139 .2  . 693 

91.3 
105 .5  

.865 

93 .3  
102 .9  . 906 

57.7 
99.0 
.583 

91 .1  
91.3 
.998 

3 7 . 1  
86 .9  
.427 

45.5 
99.7 
0457 

61.8 
8 2 . 1  . 746 

43 .4  
81 .2  . 535 

53 .0  
74.3 
,713 

105.8 
156 .6  . 675 

109 .9  
147 . 2 . 747 

7 0 . 2  
149.3 

.470 

91.2 
156.5 

- 5 8 2  

8 9 . 1  
156 .0  

.571 

89.3 
135 .6  

.659 

54.7 
152 .8  . 358 

24.6 
71.2 . 346 

26.7 
72 .4  . 369 

2 5 . 1  
73.7 
.341  

18 .3  
78 .3  . 234 

17 .4  
77.8 
.224 

26.4 
69.7 
.378 

11.0 
76.3 
1 . 4 4  ............................................................................. 

* Evapotraspiration values are in millimeters. 
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